Metastable coesite is an important pressure indicator for ultrahigh-pressure rocks. However, in many cases coesite does not survive exhumation, but reacts back to quartz. Although it was shown experimentally that incorporation of H in coesite increases with increasing pressure, most coesite relics found in nature are essentially dry (i.e., OH concentrations are below detection limit, <1 wt ppm H 2 O). Thus, does the incorporation of H promote the back-reaction of coesite to quartz during exhumation? The inß uence of intrinsic OH on the kinetics of the coesite-quartz phase transition was determined using synthetic "dry" coesite with ≈ 10 wt ppm H 2 O and "wet" coesite with ≈ 105 wt ppm H 2 O. TEM analysis of the quenched samples proved the presence and absence of water in the "wet" and "dry" samples, respectively. The kinetics of the coesite-quartz transition was investigated in-situ using the multi-anvil apparatus MAX 80 at the Hamburger Synchrotron Radiation Laboratory (HASYLAB). The transition rates were measured by observing changes in selected diffraction line intensities as a function of time. The transformation and growth rates were derived using Cahnʼs model of nucleation and growth at grain boundaries. Under the same experimental conditions the transformation rate of the "wet" coesite is more than ten times higher than that of the "dry" coesite. This difference may explain why OH-bearing natural coesite is rare. This study reveals the importance of structurally bound OH for the kinetics of phase transitions of nominally anhydrous minerals.
INTRODUCTION
From the pioneering studies of Kats (1962) and Brunner et al. (1961) , it is known that nominally anhydrous minerals (NAMs) such as quartz may incorporate traces of H in the form of hydroxyl groups. Since this discovery, the incorporation of H in NAMs has become an important Þ eld in experimental petrology because the amount of hydrogen may have signiÞ cant effects on the physical properties of NAMs, such as the rheological behavior (hydrolytic weakening), the melting behavior, and the transformation kinetics of minerals (e.g., Griggs and Blacic 1965; Karato et al. 1986; Kubo et al. 1998; Mosenfelder et al. 2001) . Recent experimental studies show that coesite, the high-pressure polymorph of quartz, incorporates up to 200 wt ppm H 2 O into its structure (Li et al. 1997; Mosenfelder 2000; Koch-Müller et al. 2001) . However, all coesites that are found in nature are dry, i.e. their OH-concentration is below the detection limit of about 1 wt ppm H 2 O (Rossman and Smyth 1990; Mosenfelder 1997 Mosenfelder , 1999 Mosenfelder and Schertl 2003) with only one exception (Koch-Müller et al. 2003) . Koch-Müller et al. (2003) estimated the water content of this natural coesite as 135 ± 45 wt ppm H 2 O.
Besides being found in impact-metamorphosed rocks, coesite occurs mainly in xenoliths from the lithospheric mantle (e.g., Smyth 1977; Sobolev et al. 2000; Schulze and Helmstaedt 1988) and in eclogites from subducted crust (e.g., Smith 1984; Chopin 1984; Gillet et al. 1984) , i.e., in ultra-high-pressure rocks. In the xenoliths and eclogites, coesite occurs either as inclusions in a stronger host phase like diamond or zircon, or as close intergrowths with quartz that likely formed as a result of post-genetic coesite alteration. Enclosure of coesite in a strong host phase is an effective mechanism to preserve coesite, if the conÞ ning pressure is high enough, i.e., within the stability Þ eld of coesite (Sobolev et al. 1976 (Sobolev et al. , 1994 . Indeed, the OH-bearing natural coesite described by Koch-Müller et al. (2003) appears as an inclusion in a diamond and is still under a conÞ ning pressure of at least 2.6 GPa (Sobolev et al. 2000) . On the other hand, petrological observations in ultrahigh-pressure domains indicate that most coesites did not survive exhumation but transformed back to quartz (e.g., Smyth 1977; Smith 1984; Chopin 1984; Gillet et al. 1984) . Currently, there is a debate whether the presence of water, either structurally bound in coesite, or part of a separate ß uid phase, enhances the transformation rate of coesite to quartz. Rapid transition of coesite to quartz may explain the lack of OH-bearing coesite that survives in nature (e.g., Mosenfelder and Bohlen 1997; Zinn et al. 1997 ). There are several experimental studies that deal with the transformation of coesite to quartz (Livshits et al.1972; Wirth and Stöckhert 1995; Mosenfelder and Bohlen 1997; Babich et al. 1998; Perrillat et al. 2003) , but only three of them (Mosenfelder and Bohlen 1997; * E-mail: christian.lathe@desy Babich et al. 1998; Perrillat et al. 2003) are focused on the kinetics of this transformation. Babich et al. (1998) and Mosenfelder and Bohlen (1997) performed quench experiments in a pistoncylinder apparatus to investigate the kinetics of the coesite to quartz transformation. The experiments of Babich et al. (1998) were performed at 1.0 and 2.0 GPa in the temperature range 500-800 °C using synthetic coesites either in the presence of water, carbon dioxide, or in the "dry" system. The quench experiments of Mosenfelder and Bohlen (1997) were performed in the pressure range of 2.2-2.9 GPa and 700-1000 °C. Perrillat et al. (2003) studied the transition in situ by X-ray diffraction (XRD) in the 2.1-3.2 GPa, 500-1010 °C pressure-temperature range. From the analysis of the kinetic data, Mosenfelder and Bohlen (1997) concluded that the reaction of coesite to quartz proceeds via grain-boundary nucleation and interface-controlled growth processes. This transformation mechanism has been conÞ rmed by Perrillat et al. (2003) , who showed that the coesite-quartz transformation is characterized by high nucleation rates and that the overall reaction kinetics are mainly controlled by thermally activated crystal growth processes. However, the estimated growth rates for the coesite-quartz transformation of Mosenfelder and Bohlen (1997) are at least one order of magnitude lower than those determined by Perrillat et al. (2003) . The experiments of Babich et al. (1998) cannot be compared directly with the other studies because they were performed under different conditions and they did not determine growth rates. According to Mosenfelder et al. (2001) , the kinetics of phase transformation can be inß uenced by several factors, such as stress and strain, which may inhibit growth, intra-crystalline transformation, and the presence of trace amounts of H. Thus, one reason for the different results in the above-mentioned studies could be different OH-contents of the starting coesite materials. Although the effectiveness of free water as a catalyst is well-known qualitatively (e.g., Naka et al. 1976; Rubie 1986; Babich et al. 1998; Kubo et al. 1998) , little is known about the effect of intrinsic OH in NAMs on transformation kinetics. Intrinsic OH might enhance diffusion rates by lowering the activation energy needed to break Si-O bonds (Rubie 1986) , and/or it could promote mechanical weakening that would enhance growth rate (Kubo et al. 1998 ). Up to now only, one study (Young et al. 1993 ) investigated the effect of traces of intrinsic OH in NAMs on transformation kinetics. Young et al. (1993) observed a strong positive correlation of grain size and extent of transformation of olivine to β-phase with OH concentration in the β-phase. In a recent study, Kubo et al. (2004) investigated the nucleation and growth kinetics of the α-β transformation in Mg 2 SiO 4 containing 750 ± 100 wt ppm H 2 O. Their results suggest that the Þ elds of metastable olivine become much smaller if the subducting slabs contain much water. To better understand the role of intrinsic OH groups in NAMs for kinetics of phase transformations, we investigated the kinetics of the coesite-quartz transformation by using synthetic "dry" (10 wt ppm H 2 O) and "wet" (105 wt ppm H 2 O) coesite as starting materials subjected to identical experimental conditions.
EXPERIMENTAL METHODS

Syntheses
Dry coesite was synthesized in a piston-cylinder apparatus (Boyd and England 1960) . Samples were contained in 10 mm long Au capsules with 5.0 mm outer diameter and 0.2 mm thick walls, pre-annealed at 1000 °C for at least 8 hours. Fine-grained quartz powder, pre-annealed at 1200 °C for 24 hours, was compressed and annealed for 24 hours to ensure dry samples. The sample was then cold-sealed. The pressure cells consisted of rock salt and Þ red pyrophyllite with graphite cylinders as resistance furnaces. Temperatures were measured using chromel-alumel thermocouples. A more detailed description of the experimental set up is given in Fockenberg et al. (1996) . Samples were held at 4.0 GPa and 800 ± 5 °C for 4 hours.
Hydrous coesite samples were synthesized in a Walker-type multi-anvil apparatus (Walker et al. 1990 ) at ETH Zürich in Pt capsules with 2.3 mm outer diameter, pre-annealed at 1000 °C for at least 8 hours. Three milliliters of distilled H 2 O were inserted into the bottom of the capsules with a micro-syringe, and covered with Þ nely ground (grain size approximately 2 μm) SiO 2 (99.995 + %, Aldrich). Capsules were then frozen under liquid nitrogen before welding to prevent H 2 O volatilization. Final capsule length was approximately 4 mm with a wall thickness of about 0.15 mm. Pressure-transmitting MgO-based ceramic octahedra, with an edge length of 19 mm, were cast from Ceramacast 584 (Aremco Products Inc.). A cylindrical central hole with a diameter of 3.5 mm was lined with a stepped graphite furnace, with Mo disk leads at both ends. An MgO sleeve and MgO end caps separated sample capsules from the graphite furnace and Mo disks. Temperatures were monitored using a Pt-Rh (type B) thermocouple inserted radially through the graphite furnace. The effect of pressure on thermocouple e.m.f. was ignored. The cast octahedra, including Þ ns to serve as gaskets, were inserted in the center of eight tungsten carbide cubes, with 12 mm truncation edge length. Pressure for this assembly was calibrated at 1000 °C using SiO 2 coesite-stishovite, Fe 2 SiO 4 fayalitespinel, and CaGeO 3 garnet-perovskite transitions (Konzett et al. 1997) . To obtain sufÞ cient material for the kinetics experiments, two synthesis runs were necessary. Samples were held at 7.5 GPa and 1100 ± 5 °C for 2 and 6.5 hours.
IR Spectroscopy
At least 10 coesite crystals of each hydrothermal synthesis experiment were selected for quantitative IR spectroscopy to determine their OH contents. Crystals of about 150-400 μm in size were ground so that the opposite sides were parallel and polished with 1 μm diamond paste. The Þ nal thickness varied from 100 to 200 μm. Unpolarized IR spectra were recorded on a Bruker ISF 66v FTIR spectrometer equipped with a Hyperion 1000 microscope at the GFZ Potsdam. The spectra show characteristic coesite OH bands as published by Koch-Müller et al. (2003) (Fig. 1) . To quantify the OH content, we used the calibration of Koch-Müller et al. (2001 , 2003 . The OH content of the crystals of the two different "wet" syntheses did not differ. The averaged OH content corresponds to 105 wt ppm H 2 O (700 ± 100 H/10 6 Si). The determined OH-concentration is less than the expected value of about 200 wt ppm H 2 O for H 2 O saturation at 7.0 GPa (Koch-Müller et al. 2001) . After quenching, the product of the "dry" experiment appeared as a very compact coesite aggregate composed of small crystals of about 80-100 μm in size. IR spectra taken on individual crystals did not show any absorption, which could be FIGURE 1. Infrared spectra of the coesite starting material: "wet" coesite ca. 105 wt ppm H 2 O (upper curve) and "dry" coesite ca. 10 wt ppm H 2 O (bottom). assigned to intrinsic OH. IR spectra of a 1 mm thick compact coesite aggregate show characteristic, but very weak, OH bands of coesite ( Fig. 1) . Although many precautions were taken to avoid any OH incorporation in the coesite, the average OH content corresponds to 10 wt ppm H 2 O (66 ± 10 H/10 6 Si). IR spectra also were taken on some of the Þ nal products after the phase transformation experiments (see Results section).
Kinetic studies
The multi-anvil type X-ray high-pressure-high-temperature system, MAX 80 (Shimomura et al. 1985; Vaughan 1993) was used for kinetic studies. MAX 80 is installed at the Hamburger Synchrotron Radiation Laboratory (HASYLAB) (Will et al. 1983 ) for in situ XRD. MAX 80 is a cubic anvil apparatus, which compresses an 8 mm long cube by six tungsten carbide anvils. The cube was prepared from a mixture of amorphous boron, epoxy resin, and hardener. The tube-shaped graphite heater was placed within a 4 mm drill hole. The top part of a boron nitride tube was Þ lled with pressed coesite powder. Crushed NaCl was placed at the bottom as an internal pressure standard using Deckerʼs equation of state (Decker 1971) , recently revised by Brown (1999) . Experiments by Mueller et al. (2003) indicated that the NaCl pressure standard has a reliability of at least 1% at pressure up to 8 GPa. Only at higher pressures is there some evidence that the inaccuracy of the NaCl standard becomes >1%. Temperature was controlled within ±2 °C using Nicrosil/Nisil (type N) thermocouple arranged at the center of the sample.
Sample preparation plays an important role in kinetic experiments (Lauterjung 1985) . The presence of ultra-small grains and high elastic strain energy in crystal lattices will greatly affect transformation rates by increasing the density of potential nucleation sites and total free energy of the system through surface energy and strain energy contributions. As shown by Zinn et al. (1997) , these effects can be limited by hot pressing the sample prior to the experiment. Therefore, all coesite powders were ground to a particle size of 40 μm, and samples were hot pressed at 2.5 GPa and 300 °C for 30 min. After hot pressing, the pressure was adjusted to the desired value and the temperature was increased in 100 °C steps with 3.3 °C per second. For each temperature increment diffraction pattern of the samples were collected and showed exclusively the diffraction pattern of coesite. Figure  2 shows the starting material of an experiment running under similar condition as run V39 but quenched shortly before reaching the desired temperature of 800 °C. The grain size is more-or-less uniform around 40 μm but the presence of a few smaller grains cannot be neglected. Kinetics depends strongly on the extent to which the equilibrium phase boundary is overstepped. Zinn et al. (1997) compared the position of the α-quartz-coesite phase boundary of previous studies with those obtained using the MAX80 device. As shown in Figure 3 , their data correspond within the experimental error well with those of Akella (1979) and Mirwald and Massone (1980) using salt assemblies. In the Þ rst series of experiments, the transformation kinetic of "dry" coesite was determined in the quartz stability Þ eld ( Fig. 3 and Table 1) in the pressure range 2.4-3.0 GPa. We started collecting sequences of diffraction patterns as a function of time immediately after reaching the desired temperature. The duration of the experiments varies from 60 to 120 min after reaching a given pressure and temperature. Counting time for each diffraction pattern was 120 seconds. The transformation kinetic of the "wet" coesite was determined under the same conditions ( Fig. 3 and Table 1 ). Counting times for these diffraction patterns was 20-120 seconds. The pressure was held constant during the experiments.
Diffraction patterns were recorded in an energy dispersive mode using white synchrotron X-rays from the storage ring DORIS III (Zinn et al. 1997 ). The ring operated at 4.5 GeV and a positron current of 80-150 mA. The incident X-ray beam was collimated to 100 × 100 μm with a divergence smaller than 0.3 mrad. Spectra were recorded by a Ge solid-state detector with a resolution of 153 eV at 5.9 keV resulting in a resolution of diffraction patterns of Δd / d ≈ 1%. It can be assumed that the relative integral intensities of the diffraction peaks are proportional to the weight fraction of the phase because the X-ray absorption coefÞ cient does not change during the transformation. Therefore, we estimated the transformed volume from the relative peak intensities of the (040) diffraction peak of coesite and (101) diffraction peak of quartz. The integrated areas for representative diffraction peaks were obtained by Þ tting each individual pattern with the Jandel ScientiÞ c PeakFit program.
The line proÞ le was calculated by assuming a Gaussian distribution counted by the solid-state detector (e.g., Lauterjung and Will 1985) . The degree of transformation X(t) is thus calculated as
( 1) where I at is the intensity of the highest diffraction peak of phase a at time t, and I a0 is the value at time t = 0. Preferred crystal orientation due to non-hydrostatic pressure conditions can lead to the apparent growth or decline of diffraction peaks even at constant phase proportions. We assessed the presence of preferred orientation in our experiments by calculating phase proportions using several different combinations of the four strongest diffraction peaks for quartz and coesite. Within experimental uncertainty, results were identical to results using the (040) coesite and (101) quartz reß ections, indicating the lack of preferred orientations.
TEM
We investigated the quenched samples of three experiments with "wet" coesite (V69, V67, and V66) and one experiment with "dry" coesite (V39) by TEM. TEM foils were prepared from the run products using the focused-ion-beam technique (FIB). The foils were cut from the center of the cylinder parallel to its long axis. The FIB-technique is described in detail elsewhere (Overwijk and van den Heuvel 1993) . We used a FEI FIB200 instrument operated with an acceleration voltage of 30 kV at the GFZ Potsdam. The Þ nal thickness of the TEM foil is about 120 nm. The foil is removed from the sample using an optical microscope and placed onto a perforated TEM carbon grid. No further carbon coating is required. TEM was performed in a Philips CM200 electron microscope operated at 200 kV with a LaB 6 electron source. "dry" coesite "wet" coesite 3 1b FIGURE 3. Experimental P-T conditions of the kinetic measurements using "wet" (open circles) and "dry" (Þ lled squares) coesite. (1) Coesitequartz phase boundary according to Akella (1979) using talc (1a) and salt assemblies (1b). (2) Coexisting coesite and quartz according to Zinn et al. (1997) using the same experimental setup as in our study (BN and NaCl) . (3) The coesite-quartz boundaries as determined by Mirwald and Massone (1980) using salt assemblies.
RESULTS
Figures 4a and 4b illustrate time-resolved diffraction patterns for the phase transformation of "dry" and "wet" coesite to quartz under the same conditions. The conversion times for the "wet" coesite were much shorter than those for the "dry" coesite (Table  1 and Fig. 5 ). TEM images of samples V66 and V67 display remnants of coesite (Figs. 6a and 6b), which give us a chance to analyze the transformation mechanism. From Figures 6a and 6b it becomes clear that the coesite-quartz transformation involves nucleation of quartz along grain-boundaries and growth processes. At the interface between coesite and quartz, the quartz crystals are arranged in a palisade-like structure and generally show a high dislocation density. The stored deformation energy is released by recrystallization of columnar quartz behind the transformation front. The recrystallized grains are small (<1 μm) and do not show an equilibrium fabric. Dislocations in recrystallized grains are rare. In the quenched samples of the "wet" experiments, both relict coesite and newly formed quartz contain ß uid inclusions linked mostly with dislocations. The presence of ß uid inclusions could only be observed in the "wet" samples not in the "dry" ones. Sample V69 (Fig. 6c ) exhibits no relicts of coesite. Quartz is completely recrystallized and the effect of grain growth is visible; e.g., in larger grains surrounded by smaller ones with curved grain boundaries between them. The average grain size is in the range of 0.3-2 μm. Many quartz grains exhibit straight grain boundaries and 120° triple junctions, which is an indicator for a near-equilibrium grain fabric. In sample V39 (Fig. 6d) , the "dry" coesite is completely transformed into quartz. The average grain size is in the range of 0.5-2 μm with a generally low dislocation and ß uid inclusion density. In many cases, dislocations are absent. Equilibrium of the quartz grain fabric is not completed, which is underlined by the presence of curved grain boundaries and mainly non-120° triple junctions. The quartz fabric in "dry" sample V39 has not reached equilibrium even at a conversion temperature of 800 °C, which is 100 °C higher than that of "wet" sample V69. Small amounts of OH affect the mobility of grain boundaries much more effectively than a temperature increase of 100 °C. Although inclusions of molecular water were observed by TEM, IR-spectra of the recovered samples did not show any absorption due to molecular water nor intrinscic OH-groups. Thus, the amount of water trapped as ß uid inclusions must be below the detection limit.
According to Cahn (1956) , the kinetics of polymorphic phase transformations can be described with the Avrami equation (Avrami 1939 (Avrami , 1940 (Avrami , 1941 .
where X(t) is the volume fraction transformed, t is the time, k is the rate function, and n is a constant parameter that depends on the reaction mechanism. The rate function is dependent on pressure, temperature, and grain size. The value of n depends on the reaction mechanism and varies theoretically from one for fast nucleation to four for slow nucleation. We determined the values of n from the slope of plots of ln[-ln(1 -X)] against ln(t) (Fig. 7 and Table 1 ). The intercept on the y-axis gives lnk from which k is determined. For the kinetic experiments V39, V40, and V42 using "dry" coesite, the rate functions k ranged from 0.7 × 10 -1 /min to 6.1 × 10 -2 /min and the parameters n from 1.17-1.50. Experiments V65, V69, and V68 were performed under the same conditions as experiments V39, V40, and V42, respectively, but used "wet" coesite instead of "dry" coesite. The rate functions FIGURE 4. Sequence of diffraction patterns vs. time during the phase transition coesite-quartz for the "dry" and "wet" coesite, respectively, at 2.4 GPa and 700 °C. (a) The diffraction-angle for the "dry" coesite was 3.513°, the counting time for each pattern was 120 s. (b) The diffraction-angle for the "wet" coesite was 4.281°, the counting time for each pattern was 20 s. k and parameters n for three phase transitions varies from 1.24 to 1240/min and 0.12 to 0.40, respectively.
DISCUSSION
A direct comparison of the results of the "wet" and "dry" experiments performed under the same experimental conditions, i.e., V40 vs. V66, V39 vs. V65, and V42 vs. V68 (Figs. 5a−5c ), ("wet"): relict coesite is partially replaced by quartz and ß uid inclusions are present in both quartz and coesite (arrows). They are commonly associated with dislocations. The quartz grains are arranged in a palisadelike conÞ guration (columnar structure of the quartz grains), which is commonly observed in partially replaced natural coesite inclusions in pyrope. Individual quartz grains grow in opposite directions nucleating at the original coesite grain boundary. The quartz grains show a high dislocation density. (b) Experiment V67 ("wet"): relict coesite is partially replaced by quartz. Coesite shows many dislocations, and at the coesite/quartz interface, a palisade-like arrangement of quartz is observed. (c) Experiment V69 ("wet"): coesite is completely replaced by quartz. The individual quartz grains show no dislocations or only a few in some grains. The quartz fabric is very close to equilibrium, which is expressed by many 120° triple junctions and straight grain boundaries. (d) Experiment V39 ("dry"): coesite is completely transformed to quartz and there are nearly no ß uid inclusions present. Despite the higher temperature and the longer run duration, the quartz fabric has not yet reached equilibrium.
shows that the transformation kinetics, as represented by the rate function k of coesite to quartz, are about 10 times faster when coesite contains considerable amounts of intrinsic OH.
The parameters n determined in this study for the two experimental sets ("dry" vs. "wet" under the same P-T conditions) range from 0.80 to 1.50 for the "dry" samples and from 0.12 to 0.40 for the "wet" experiments. Values for n close to 1 for the "dry" runs indicate a high nucleation rate. For the "wet" experiments, the n-values are signiÞ cantly below 1, which is theoretically not possible for a polymorphic transformation. One reason for n-values below 1 could be that the transformation reaction started before t = 0. And, indeed, for the "wet" experiments V68, V65, and V69, it is highly probable that this was the case, because the n-values for these experiments (0.12, 0.25, 0.4) correlate with the transformed fraction of quartz determined from the Þ rst diffraction pattern taken after reaching the desired temperature (0.88, 0.80, 0.58) . The n-values for the "wet" experiments V67 (1.16) and V66 (1.89), where the transformation clearly did not start before t = 0, are therefore more reliable. Nevertheless, the experiments clearly show that the incorporation of H in coesite promotes kinetics of this transition. The signiÞ cant difference of the reaction kinetics between "dry" and "wet" coesite becomes clearer if we compare the results of experiment V39 with experiment V67. Experiments V39 and V67 give similar k and n values and were performed at the same pressure but at temperatures of 800 °C and 650 °C, respectively.
It is well known that the solubility of OH in coesite increases with pressure (Mosenfelder 2001) , and one could argue that the difference in both sets of experiments is only due to the presence of molecular water in the "wet" experiments that exsolved during the low-pressure kinetic experiments. Unfortunately, there are no data on H diffusion in coesite, but for other framework structures like adularia (Kronenberg et al. 1996) , sanidine (Behrens 1994) , and quartz , diffusion coefÞ cients have been determined experimentally and lie between D = 10 -12 and 10 -14 m 2 /s at 700 °C. We calculated the time needed for a coesite to lose 50% of its bulk H 2 O from the whole crystal using the approximation given in White (2003) . Taking an average value for the diffusion coefÞ cient of D = 10 -13 m 2 /s at 700 °C, a coesite crystal with a diameter of 40 μm would lose 50% of its bulk H 2 O in about 40 min. Considering that in our kinetic experiment at 700 °C 60% of OH-coesite was converted to quartz within 9 seconds, it is very unlikely that the enhanced kinetic in the "wet" experiments is due to molecular water, exsolved from the coesite. It seems that the diffusion of H in the "wet" samples dramatically enhances the breakdown of the coesite structure by reducing the binding strength of the Si-O bonds, for example.
As mentioned above, n-values close to 1 indicate that the transition rate is controlled only by growth. For such situations, Equation 3 can be used to estimate the growth rate x' from the transformation time data (Cahn 1956 ).
where S is the grain boundary surface area. According to Liu and Yund (1993) , for most grain shapes S can be calculated as 3.35/d, where d is the mean grain size taken from the TEM measurements.
For a more quantitative interpretation of our results, we applied Equation 3 to all time transformation data using a leastsquares procedure. The values of growth were optimized to minimize the χ 2 of the Þ tting. For runs V65 and V68, we added a correction to the time values of 30 and 15 s, respectively.
1 The results are shown in Table 2 .
Runs for which we obtained larger n-values (around 1.5 in this study) indicate that the overall transformation rate is controlled by both nucleation and growth processes. In this case it is, in principle, possible to obtain both nucleation rate N' and growth rates x' from the transformation time data. For such situations Cahn (1956) proposed the following equation:
We applied Equation 4 to the time transformation data of V40, V41, and V66 (Table 2) . For experiments V40 and V66, which both were performed at 700 °C, the optimized Þ ts to Equation 4 result in a growth rate for the "wet" experiment (V66) that 1 Because the diffraction pattern taken during the heating cycle at 700 and 800 °C for run V65 and V68, respectively, did not show any coesite peaks and since we increased the temperature with 3.3 °C per s to the Þ nal temperatures, these are the maximum possible correction values. is one magnitude higher than that for the dry run (Table 2) . However, these values are not very reliable, as we found that the magnitudes of the reÞ ned parameters, x' and N', were highly dependent on the magnitudes of the starting values. Therefore, we compared only the growth rates obtained by solving Equation 3 with literature data.
The Arrhenius diagram in Figure 8 compares the temperature dependence of the growth rates obtained in this study using Equation 3 with those obtained by Perrillat et al. (2003) and Mosenfelder and Bohlen (1997) . The data for our "wet" experiments are in good agreement to those of Perrillat et al. (2003) and those of our "dry" experiments are in fair agreement with the results of Mosenfelder and Bohlen (1997) . Mosenfelder and Bohlen (1997) reported growth rates for the coesite-quartz transformation of about one order-of-magnitude lower than those determined by Perrillat et al. (2003) and in our study in the case of the "wet" samples. Mosenfelder and Bohlen (1997) analyzed the water content of their starting material and found about 45 wt ppm H 2 O incorporated as ß uid inclusions rather than as intrinsic OH groups. Perrillat et al. (2003) did not quantify the OH-concentration of their coesite after syntheses. Considering our results, the difference between these two studies could be explained by different OH-contents of their starting materials.
Our comparative study of the transformation kinetics of coesite to quartz using coesite with different concentrations of structurally bound OH demonstrates the enormous inß uence of these OH groups on the transformation kinetics. The effect of intrinsic OH on the kinetics of a phase transition appears to be more pronounced than the effect of a similar amount of water trapped as ß uid inclusions. Even small amounts of intrinsic OH (100 ppm H 2 O vs. 10 ppm) dramatically enhance the breakdown of the coesite structure, most probably by reducing the binding strength of the Si-O bonds. We could show that intrinsic OH affect the mobility of the grain boundaries much more than a temperature increase of 100 °C. The inß uence of structurally bound OH in coesite should be considered in future numerical models evaluating the role of kinetics in the preservation of coesite upon uplift. Further studies on the inß uence of intrinsic OH on the transformation kinetics of polymorphic phase transitions of NAMs are highly recommended. 
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